F or many decades, scientists have studied the cell's ability to sense and respond to mechanical force. Recent advances in assaying cells using increasingly complex mechanical environments have lead to new insights into cellular function (1) . Mechanical force plays a critical role within cells and has the capacity to affect diverse problems ranging from environmental change (2) to malaria (3) . The importance of biomechanical forces is particularly apparent in many human diseases, such as heart disease and cancer (1) . In PNAS, Hur et al. (4) describe an elegant, 3D force analysis approach they use to investigate cell mechanics that have important implications in atherosclerosis.
A central tenet in the study of cell mechanics holds that cells remain in constant communication with each other while thriving in environments that are ultimately 3D. Although the link between cellular communication and 3D forces has been appreciated, the vast majority of experiments that use cultured animal cells continue to be conducted on planar substrates (e.g., Petri dishes) that are effectively 2D environments, primarily because robustly controlling the 3D microenvironment of cells is not trivial. Hur et al. use a unique method, 3D inter/intracellular force microscopy (IFM). Building off their recent results in expanding 2D traction force microscopy (TFM) to analyze 3D stresses, the authors use IFM to examine 3D tension across individual cell bodies and at the junction between cells. In these experiments, endothelial cells-the type of cells that line blood vessels-are grown both sparsely and also in confluent monolayers, where communication between many cells must occur, to examine differences in each condition.
Using their IFM approach, the authors recover information normally lost in 2D systems, with profound implications when examining inter-and intracellular tension in these multicellular systems. In addition, the authors expose endothelial cells to shear stress by flowing fluid on their apical surface and couple these experiments with IFM. The resulting experiments expose cells to two flow profiles (laminar steady flow or oscillatory flow) that generate different modes of shear force and mimic specific locations in the vasculature that produce strikingly different responses relevant to atherosclerosis. In addition to generating insight into cellular mechanics, endothelial cell function, and vascular pathologies, this study points to the broad need to develop 3D experimental methods that mimic different physiological environments.
Assessing 3D Mechanical Force in Cells
Developing new 3D experimental approaches is essential because organisms generate diverse physiological functions by specializing in three dimensions. Recent efforts include imparting localized control of apical-basal 3D stimulation, developing chip-based microsystems for probing mechanically activated calcium signaling, using 3D traction methods in cell migration, and examining 3D tractions of cells fully encapsulated in gels (5-8).
Although our ability to control a cell's micromechanical environment has advanced, assessing mechanical forces within a cellular monolayer remains a challenge. In their study, the authors assay these forces by adapting the fundamental principles of TFM, a method that measures 2D (planar) forces (9) at the point where the cell's ventral surface contacts a flexible substrate. By optically noting the displacement of beads placed in these flexible substrates and applying Newton's first law, traction forces applied by cells to their environment can be inferred (Fig. 1A) . Unlike previous studies, the authors recently expanded this technique to perform 3D TFM (10) by measuring not only the planar, horizontal movements of beads, but also vertical movements (Fig. 1B) .
In the present study, the authors perform 3D TFM and apply Newton's third law to determine tension within cells and at the junctions between cells in a monolayer. Their study suggests that a type of mechanical interconnection between cellscalled adherens junctions-could play a significant role in vascular physiology. These interconnections are one part of a complicated mechanical sensing scheme, and other factors affecting the mechanical response of the cells include substrate stiffness and the ability of the cell to attach itself to its substrate using organized protein complexes called focal adhesions (Fig. 1C) . In the future, their approach In the body, endothelial cells sense shear force generated by flow in the blood vessel lumen and balance stress using a complex collection of structural protein components, including cytoskeletal stress fibers such as actin (red lines), focal adhesion complexes (red and purple ellipses) that attach to their substrate (basement membrane), and adherens junction complexes (green ellipses) that connect neighboring cells. Although this study has implications for understanding atherosclerosis, the underlying concepts are broadly applicable to fields ranging from environmental mechanics to cancer treatment.
could be integrated into systems for active control of cell physiology; for example, by coupling IFM with active control of substrates through light-activated polymers (11) or assessing changes with IFM when particular focal adhesion proteins (such as syndecans) dominate the formed attachments (12) . On the other hand, for confluent monolayers exposed to a shear flow, tension distributions at cell-cell junctions were not statistically different from tension away from the junctions. The cells in a confluent monolayer generated similar mechanical tension throughout the cellular monolayer, which was not the case for the two-cell groups. The difference in mechanical sensing and response seen between single cell groups and confluent monolayers is important in other ways as well. For example, a recent study showed that cell motility is very different for single cells in comparison with monolayers, particularly because in monolayers a "tug-of-war" state exists (13) . These types of cell-cell interactions will be especially important in understanding physiology as the field of cell mechanics continues to expand its use of 3D approaches. 3D tension within a multicellular monolayer, the mode (steady or oscillatory) of shear flow they apply to monlayers also makes a difference. Although the reaction of cells to laminar, steady flow is very relevant to endothelial cell physiology, it is especially interesting to examine their responses to oscillatory flow because this flow mode most clearly corresponds to flow in areas of the vasculature (i.e., branches) where pathologies like atherosclerosis can occur. It is well known that endothelial cells respond to different modes of shear flow; for example, by altering intracellular calcium signaling (14) , biosynthesis of cartilage (15) , and regulation of cell cycle (16) . However, investigators had not previously attempted to monitor internal, 3D traction forces in endothelial cells exposed to these two modes of shear-generating flow. By doing so, Hur et al. find that when applying laminar steady flow to a monolayer to mimic atheroprotective vascular flow-resulting in 12 dyne/cm 2 of constant shear stress-endothelial cells adopt an elongated morphology that results in maximum intracellular tension in the flow direction. In contrast, when they apply oscillatory flow to mimic conditions in areas particularly susceptible to atherosclerosis, cells in monolayers maintain their preflow morphology and generate no significant change in tension in any direction. Determining what these results imply for the initiation of vasculature pathologies will be a challenge, and as previously noted, the authors suggest a critical role for adherens junctions in the process. Ultimately, this work highlights the need to integrate new 3D approaches with existing experimental modalities to gain richer physiological insights.
Analyzing Mechanics Within Confluent Monolayers
The rapid pace of discovery in 3D cell mechanics is resulting in dramatic increases in scientific understanding. These achievements will continue to influence biomechanics at all scales. One example is the emergence of organ-on-a-chip microdevices, a technology that combines knowledge from studies in cell biomechanics, tissue engineering, and microfabrication to create 3D microenvironments that better mimic tissues and organs (17) . Exciting possibilities exist in adapting these biomimetic devices as model systems for testing drug efficacy among other biological responses, thus reducing the need for animal and human testing. A cornerstone of this technology is the integration of 3D cell mechanics that accurately mimic the in vivo tissue environment. We anticipate an exciting future in which experimental microsystems continue to address more complicated 3D biomechanical problems, spanning scales from the molecular to the ecological, and significantly impacting our understanding of biological systems.
